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We have employed hard x-ray photoemission (HAXPES) to study a delta-doped SrTiO 3 layer that consisted of a 3-nm thickness of La-doped SrTiO 3 with 6% La embedded in a SrTiO 3 film. Results are compared to a thick, uniformily doped La:SrTiO 3 layer. We find no indication of a band offset for the delta-doped layer, but evidence of the presence of Ti 3þ in both the thick sample and the delta-layer, and indications of a density of states increase near the Fermi energy in the delta-doped layer. These results further demonstrate that HAXPES is a powerful tool for the non-destructive investigation of deeply buried doped layers. Recently, it has been shown that high-mobility SrTiO 3 (STO) films with excellent control over carrier concentrations can be obtained by La-doping during growth by molecular beam epitaxy (MBE). 1 Furthermore, it has been shown that by inserting very thin doped layers on the order of a few nm in thickness between undoped layers (delta-doping), a two-dimensional electron gas is formed. [2] [3] [4] Such delta-doped layers are relevant to understanding two-dimensional quantum phenomena in SrTiO 3 , 5 which have attracted attention for their potential of combining unique field-tunable, magnetic and superconducting properties. [6] [7] [8] [9] The presence of a thicker undoped layer above the delta layer, 2,3 makes studies of the electronic structure of the delta layer by conventional x-ray photoelectron spectroscopy (XPS) difficult, if not impossible, due to the limited electron escape depth. 10, 11 By increasing the photon and thus the electron kinetic energy from the conventional soft x-ray region ($1 keV) into the multi-keV regime, the probing depth, which is dependent on the inelastric mean free path (IMFP) of the photoelectrons, can be significantly increased to several nanometers. 12 This permits electronic structure studies of such complex oxides that are not limited to the surface region. 13, 14 In this article, we thus use hard x-ray photoelectron spectroscopy (HAXPES) to non-destructively investigate the electronic properties of deeply buried, doped layers, in particular La-doped STO films grown on (001) STO single crystals by MBE. Details regarding growth and the nature of the two-dimensional electron gas in these structures can be be found elsewhere. 3 The delta-doped structure consists of a 300-nm-thick buffer layer of undoped STO grown on an STO substrate, followed by a 3-nm-thick La-doped STO layer that is finally capped by 4.5 nm of undoped STO. The La-atoms replace Sr-atoms in the STO unit cells. The relative concentration of La atoms was set to be 6%, as calibrated by measurements of the charge carrier and La concentration, and should be accurate to within about 0.2%. 1 For reference as an effectively "bulk'sample, a 30-nm-thick, uniformly doped film with the composition La 0.06 Sr 0.94 TiO 3 was also grown on STO.
Most of the HAXPES measurements were carried out at the beamline P09 at PETRA III (Hamburg, Germany) with a SPECS PHOIBOS 225 HV hemispherical analyzer. The photon energy was set to 4990 eV and the photon incidence angle was set to 2 , as measured from the sample surface, allowing for near-normal emission of the photoelectrons from the sample and resulting in the highest bulk sensitivity. The experimental resolution using a Si(111) monochromator was determined to be 600 meV by measurements at the Fermi energy a Au foil sample. The resulting electron IMFP k has been estimated using the TPP-2M formula 10 and is found to be in the range of 6-7 nm. In a recent HAXPES study on similar perovskite materials, however, it has been shown that the effective attenuation length is about 20% lower than predicted by the TPP-2M formula; 15 thus, 5-6 nm is a good estimate of the mean depth of photoelectron emission, and the 30-nm reference film should represent a "bulk" sample as seen by HAXPES. Supplementary measurements were also carried out at beamline BL15XU (Ref. 16 ) at SPring-8 (Hyōgo, Japan) with the photon energy set to 3237 eV, which yields a slightly lower IMFP of about 3-4 nm via TPP-2M. Using an additional Si(220) postmonochromator, the experimental resolution at this lower energy case was significantly better at 170 meV. measurements at both light sources yielded consistent results. The binding energies shown in the spectra are calibrated by measurements of the Fermi edge of a Au sample. No evidence of sample charging was found in either dataset.
As a comparative comment concerning the advantage of using hard x-ray excitation, the TPP-2M values for IMFPs can be used to estimate the change of intensity I d /I bulk , when comparing the photoelectron intensities of the thick La:STO reference film I bulk to that of the buried delta-layer I d . For the La 3d 5/2 core levels with a binding energy of E b ¼ 834 eV and a photon energy of h ¼ 4990 eV, the resulting IMFP is k La3d;4990 eV ¼ 6:1 nm, while for the commonly used Al Ka x-ray source at 1487 eV, the resulting IMFP is only k La3d;1486 eV ¼ 1:4 nm. Using the formula below and integrating over depth z,
we can calculate the fraction of the intensities of the delta-layer and the bulk La:STO reference film for different energies. For simplicity in the calculation, the reference layer has been assumed to have an infinite thickness, which changes the final results by less than 1%. We then obtain I d /I bulk ¼ 0.185 for a photon energy of 4990 eV and I d /I bulk ¼ 0.035 for Al Ka radiation. The intensity of the buried film is thus significantly increased by a factor of 5 due to the higher photon energy. The 0.185 ratio at the energy of our measurements has also been confirmed using more quantitative calculations based on the SESSA program, which includes the effects of elastic scattering, and yields a value of 0.189 very close to it. 17 Broad-range survey spectra collected from both samples are shown in Fig. 1 . We observe all expected features from the elements Sr, Ti, O, and La from the STO and La:STO layers, respectively, as well as C from a few-Å -thick layer of carbon-and probably also oxygen-containing adsorbates on the surface. 18 Closer inspection of the data shows a small amount of Cu (e.g., with 2p binding energies at $933 and 952 eV, and too weak to see in Fig. 1 ) that is attributed to surface contaminations due to contact with Cu parts after the deposition. By comparison of the relative peak areas with simulations using the SESSA package, 17 the Cu amount in the investigated area could be quantified to be only 0.05 monolayers on the sample surface, and thus it can be neglected in discussing our core-level spectra and the critical valence-band region near the Fermi level, which is in turn expected based on photoelectric cross sections at this energy to be dominated by Ti 4s character. Secondary ion mass spectrometry (SIMS) measurements performed immediately after deposition on similar samples showed no evidence of Cu in the film, suggesting that some Cu contamination occurred either during transport measurements or during mounting the sample on a Cu sample holder. Figure 2 shows the spectra acquired for the La 3d, Ti 2p, Sr 3p core levels, and for the valence-band region. Due to the low La concentration and the capping layer for the deltadoped sample, the signal-to-background ratio at the peak All spectra are normalized to the peak maxima. The La 3d spectra of the delta-doped sample have been generated by subtracting a linear background from the measured spectra. The small differences between the blue spectra in (a) and the other two were found to be a short-term beam instability that led to experimental artifacts in intensity. None of our other data was affected by this problem.
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Kaiser et al. Appl. Phys. Lett. 100, 261603 (2012) maximum for La 3d is only 2%. Therefore, the spectra in Fig. 2(a) have been plotted after the subtraction of a linear background. Remarkably, after the background subtraction and normalization to a uniform height, the doubling of each of the La 3d 3/2 and 5/2 peaks that is attributed to final-state screening satellites 19 is clearly visible, even for the deltadoped sample. The positions of all peaks, the splittings of the different components, and their spectral weights agree excellently for spectra obtained from the reference layer and at two different photon energies. As the splitting and the spectral distribution of the components for each core level (La 3d 3/2 and La 3d 1/2 ) strongly depends on the interaction between the La-atoms and their surrounding atoms, 20 we conclude that for both samples (delta-doped layer and bulk), at least 90% of the La atoms are in the same chemical state and environment, thus confirming the quality of the samples. As a further analysis step, we have compared the La 3d 5/2 core level intensities to the intensities of the Ti 2p 3/2 peaks representing atoms present in both samples with the same concentration, and determined the ratio R ¼ I La3d 5=2 = I Ti2p 3=2 . The resulting experimental value of this ratio Having confirmed the chemical environment of the La ions, it is instructive to analyze spectra of the other core levels. Due to the thick STO capping layer of the delta-doped sample, the spectra of Sr and Ti core levels of this sample are strongly dominated by the undoped capping layer. Comparing spectra of this sample to the La:STO sample could thus give hints to the presence of any interface charging and/ or band offsets between the capping layer and the deltalayer. 21 Comparison of the positions of the main features in all spectra, however, yields no measurable shifts. Thus, it can be concluded that no significant band offsets are present at the interface between the capping layer of STO and the delta-doped layer. This is also confirmed by the fact that the La 3d spectra do not show any significant broadening for the delta-layer, as would be observed if the electronic bands are bent over a length comparable to the IMFP. 22 In contrast to the delta-doped sample, Fig. 2(b) shows that, for the thick La:STO film, two peaks are present for the Ti 2p 3/2 component, and these we assign to the presence of both Ti 4þ and Ti 3þ as indicated. In fact, fitting the two components for the thick sample yields a spectral weight of about 8.5 6 2.3% of the lower-binding feature assigned to Ti 3þ . This value is in good agreement with the assumed Laconcentration of 6% and thus supports the assumption that on average for every La-atom on a Sr-site, one Ti-atom changes its charge state from Ti 3þ (that of SrTiO 3 ) to Ti 4þ (that of LaTiO 3 ). 23 Although the Ti 2p 1/2 peak for the thick sample does not show as obviously a second component, this is consistent with prior analyses where the occurrence of different Ti charge states only led to a small asymmetry of the Ti 2p 1/2 peak, probably due to energy broadening associated with the shorter lifetime through Coster-Kronig decay (L 2 L 3 V).
24 Looking carefully at the delta-doped sample (see inset in Fig. 2(b) ), we can also see evidence of Ti 3þ as a sloping shoulder. Fitting this spectrum with the same peak parameters as those describing the thick La:STO film yields a ratio of 0.03 6 0.01 that is very close to an estimated value from the bulk sample of 0.085 times the theoretical average ratio of 0.187 ¼ 0.016, thus providing an additional selfconsistency check of our results. Figure 2 (c) now compares the Sr 3p peaks of both samples. Here, no major changes are expected, as even for films where a small number of Sr atoms is replaced by La atoms, the remaining Sr atoms are still in the same chemical environment as Sr in pure SrTiO 3 . This is confirmed by our measurements, in which no significant differences are observed. Figure 2 (d) finally shows the valence band region. For both films we observe a non-zero density of states (DOS) up to the Fermi level, which is supported by the electrical measurements showing metallic behavior for both systems, 1, 3 although as might be expected, the DOS near E F is weaker due to the lower number of La atoms contributing.
Our results for La:STO can also be directly compared to a recent HAXPES study of the 2D electron gas at the interfaces in LaAlO 3 -SrTiO 3 heterostructures. 25 In this work, the same feature in the Ti 2p 3/2 spectrum that is linked to Ti 3þ is observed, and its analysis as a function of electron exit angle, and thus varying interface sensitivity, permitted estimating the thickness of the 2D electron gas at the interface. What we see here is a complementary result in that the La doping induces the presencs of Ti 3þ in both the thick sample and the delta layer, although as expected, much more weakly seen in the latter. By coincidence, the relative intensity of the Ti 3þ in our thick sample and in the most interface sensitive spectrum of this prior study ( Fig. 1(a) In summary we have conducted a HAXPES study on a La-doped STO film and delta-layer with the same Laconcentration. Although the delta-layer was capped by a 4.5 nm thick layer that would not permit studies of the electronic structure by soft x-ray photoelectron spectroscopy, we have been able to collect spectra of the La 3d core levels of the delta-layer. Comparing these results to spectra collected with a thick "bulk" reference sample, we see no significant differences, leading to the conclusion that La atoms have the same chemical environment in both layers. Comparing the energy spacing of the La 3d peaks relative to other core levels also showed no evidence of shifts due to charging or valence band shifts or offsets. Two peaks present in the Ti 2p spectra of the reference La:STO sample further indicate the presence of different charge states of the Ti atoms depending on the bonding to Sr or La atoms; there is also evidence of these two charge states in the delta-doped layer, although it is not possible to as cleanly resolve it due to the overwhelming signal of the undoped STO. These results thus clarify the electronic structure in an important delta doped system and further demonstrate the power of HAXPES for electronic structure investigations of buried materials even for very low doping concentrations.
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